Hyperpolarization-activated cyclic nucleotide-gated (HcN) channels have been known to participate in the regulation of neuronal excitability, synaptic transmission and long-term potentiation in the hippocampus. The present study investigated transient ischemia-induced changes of HcN1 and HcN2 expressions in the Cornu Ammonis 1 (CA1) subfield of the hippocampus in gerbils subjected to 5 min transient global cerebral ischemia (tgcI). Neuronal death was exhibited in pyramidal neurons of the striatum pyramidale in the cA1 subfield 4 days after tgCI. HCN1 and HCN2 immunoreactivities were demonstrated in intact cA1 pyramidal neurons, and were transiently and markedly increased in the cA pyramidal neurons at 6 h after ischemia. Thereafter, they gradually decreased in a time-dependent manner. A total of 4 days after ischemia, HcN1 and HcN2 immunoreactivities were barely detected in the cA1 pyramidal neurons; however, HcN1 and HcN2 were began to be expressed in pericytes and astrocytes at 4 days after ischemia. The results indicated that HcN1 and HcN2 expression levels were apparently changed in the gerbil hippocampal CA1 subfield following tgCI and suggested that ischemia-induced alterations in HcN1 and HcN2 expression levels may be closely associated with the death of cA1 pyramidal neurons following 5 min of tgcI.
Introduction
A brief period of global brain ischemia causes neuronal death/loss in vulnerable regions a few days following reperfusion. Pyramidal neurons in the Cornu Ammonis 1 (cA1) subfield of the hippocampus proper are known to be the most significantly affected neurons following 5 min of transient global cerebral ischemia (tgcI); tgcI-induced death of pyramidal neurons in the CA1 subfield occurs at 4-5 days following tgcI, therefore this characteristic phenomenon is termed as delayed neuronal death (dNd) (1) . Numerous factors participate in the process of the tgcI-induced dNd. For example, glutamate-mediated excitotoxicity, oxidative stress and neuroinflammatory process including activation of glial cells are involved in dNd (2) (3) (4) (5) (6) .
Hyperpolarization-activated cation currents (I h ), which are conducted by hyperpolarization-activated cyclic nucleotide-gated (HcN) channels, serve roles in the regulation of neuronal properties including neuronal rhythmic activity (7) . In the hippocampus, I h and HcN channels have been established to participate in controlling neuronal excitability, dendritic integration, synaptic transmission and plasticity, long-term potentiation, and learning and memory formation (8) (9) (10) (11) (12) (13) . Until now, 4 subunits of HcN channels (HcN1, HcN2, HcN3 and HCN4) have been identified, and they are expressed in mammalian brains (14) . Among them, HcN1 conducts I h with Improved HCN channels in pyramidal neurons and their new expression levels in pericytes and astrocytes in the gerbil hippocampal CA1 subfield following transient ischemia fast kinetics and modest cAMP gating, whereas HcN2, which is strictly regulated by cAMP, conducts slow-kinetic I h (15) (16) (17) . It has been demonstrated that alterations in functions and/or expressions of HcN channels are associated with abnormal and pathological hyperexcitability (18, 19) . A previous study has suggested that the expression levels of HcN channels are increased in reactive astrocytes in the rat brain following a permanent occlusion of the middle cerebral artery, which causes permeant focal cerebral ischemia (20) . In the present study, time-dependent changes of HcN1 and HcN2 protein expression levels in the hippocampal CA1 subfield, which is the most vulnerable to tgcI, were investigated following 5 min of tgcI in gerbils.
Materials and methods
Experimental animals. The 6-month old male Mongolian gerbils (Meriones unguiculatus) were obtained from the Experimental Animal center, Kangwon National University. All experimental procedures were approved by the Institutional Animal care and Use committee at Kangwon National University (approval no. KW-180124-1). The numbers of animals used in this study and the suffering caused by the procedures used in this experiment were minimized Induction of tgCI. As described in the method of our previous studies (2, 21, 22) , the surgical procedure for tgcI was performed as follows: Briefly, gerbils (total n=84) were anesthetized with a mixture of 2.5% isoflurane in oxygen (34%) and nitrous oxide (66%), with a modification of methods of previous studies (23) (24) (25) (26) , and level of anesthesia was confirmed by pedal reflex (firm toe pinch). Blood flow to the brain was completely interrupted through the occlusion of bilateral common carotid arteries for 5 min, and confirmed by the observation of the inhibition of blood flow in the central artery in retinae using an ophthalmoscope (HEINE Optotechnik). The body temperature was monitored with a rectal temperature probe and controlled under normothermic (37±0.5̊C) conditions using a thermometric blanket prior and subsequent to surgery. Sham gerbils were subjected to the same procedure without the bilateral common carotid artery occlusion. No tgcI-induced mortality occurred in any of the sham-or ischemia-operated groups.
Western blot analysis. HcN1 and HcN2 protein levels were analyzed in the CA1 subfield at designated times (sham, 6, 12 h, 1, 2 and 4 days after tgcI) using western blot analysis. The designated time periods (from 6 h to 4 days after tgcI) were selected as ischemia-induced neuronal death of cA1 pyramidal neurons occurred ~4 days after tgcI and because significant changes in various factors, which were important in neuronal survival and death, were significantly altered prior to the occurrence of ischemia-induced neuronal death (21, 22) . As described in our previously published method (22), 7 animals at each time point were anaesthetized with intraperitoneal injection of sodium pentobarbital (60 mg/kg) (JW Pharmaceutical co., Ltd.) (25) (26) (27) (28) , and their brains were removed. The removed brains were serially and transversely cut into 400 µm thickness on a vibratome (Leica Microsystems GmbH). Tissues of the CA1 subfield were dissected from the hippocampi with a surgical blade and homogenized in 50 mM PBS (pH 7.4) containing 0.1 mM EGTA (pH 8.0), 0.2% Nonidet P-40, 10 mM EdTA (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM Nacl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol (DTT). HCN1 and HCN2 protein concentrations were determined using a Micro BcA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) after the homogenized tissues were centrifugated at 16,000 x g for 20 min at 4˚C. Aliquot containing total protein (20 mg) was boiled in loading buffer containing 150 mM Tris-HcI (pH 6.8), 6% SdS, 3 mM dTT, 0.3% bromophenol blue and 30% glycerol and then loaded onto 10% polyacrylamide gel. The gel was transferred to nitrocellulose transfer membranes (Pall corporation) following electrophoresis. To reduce background staining, the membranes were blocked with 5% non-fat dry milk in PBS containing 0.1% Tween-20 (PBST) for 45 min at room temperature. After washing three times with PBST (each for 5 min), the membrane was incubated with rabbit anti-HcN1 (1:400; cat. no. MABN20; EMd Millipore), rabbit anti-HcN2 (1:400; cat. no. MAB5596; EMd Millipore), and mouse anti-β-actin (1:5,000; cat. no. A5316; Sigma-Aldrich; Merck KGaA) antibodies overnight at 4˚C. Finally, the membrane was exposed to horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; cat. no. 12-348; Sigma-Aldrich; Merck KGaA) or horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:4,000; cat. no. sc-2031; Santa cruz Biotechnology, Inc.) for 2 h at room temperature and visualized with an enhanced chemiluminescence kit (GE Healthcare Life Sciences). Results of the western blot analysis were scanned, and densitometric quantification of the bands was performed using Image J 1.46 software (National Institutes of Health). The quantification was represented by relative optical density (ROd). A ratio of the ROd was calibrated as percentages: The sham group was designated as 100%.
Tissue processing for histology. Brain sections containing the hippocampus of each group (n=7 for each point in time) were prepared at designated times (sham, 6, 12 h, 1, 2 and 4 days after tgcI). According to the method described in our previous studies (2, 21, 22) , the brain tissues were fixed by the perfusion of 4% paraformaldehyde (in 0.1 M PBS) through the ascending aorta. Then, the brains were removed and post-fixed with the same fixative for 8 h at room temperature, then cryoprotected by infiltration with 30% sucrose. Finally, the brain tissues were serially sectioned into 25-µm thickness of coronal sections in a cryostat (Leica Microsystems GmbH) for subsequent analysis.
Cresyl violet (CV) staining. To examine change in the distribution pattern and morphology of cells or neurons in the hippocampus following tgCI, the fixed sections were stained with cV, as we descried previously (29) . In brief, we made a solution of 1.0% (w/v) cV acetate (Sigma) and added glacial acetic acid (Sigma) to the solution. The sections were stained with the cV solution for 2 min, washed and dehydrated by immersing in ethanol.
Immunohistochemistry. According to the methods described in our previous studies (2,21,22), immunohistochemical staining for HcN1 and HcN2 was performed. Briefly, the fixed sections were incubated with rabbit anti-HCN1 (1:100; EMd Millipore) or rabbit anti-HcN2 (1:100; EMd Millipore) as primary antibodies. The sections were then exposed to biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Inc.) and streptavidin peroxidase complex (1:200; Vector Laboratories, Inc.). Finally, the sections were visualized with 3,3'-diaminobenzidine (in 0.1 M Tris-Hcl buffer). In order to confirm the specificity of each immunoreaction, a negative control test was performed using pre-immune serum instead of each primary antibody. No immunoreactivity was observed in the negative control tests.
For the quantitative analysis of HcN1 and HcN2 immunoreactivity, 6 sections with 120 µm intervals per animal were selected. According to our published method (22) , digital images of the HcN1 and HcN2 immunoreactive structures were captured in the hippocampus with Axio Imager 2 microscope (carl Zeiss AG) equipped with an Axiocam digital camera (carl Zeiss AG). The captured images were calibrated into an array of 512x512 pixels. The density of HcN1-and HcN2-immunoreactive structures was evaluated as an optical density (Od). Each Od was obtained following the transformation of the mean gray level using the formula: OD=log (256/mean gray level). The background was captured from areas adjacent to the measured area and subtracted. Finally, a ratio of the OD of image file was calibrated as % (relative optical density, ROd) and analyzed using NIH Image 1.59 software (National Institutes of Health). A ratio of the ROd was calibrated as percentages, with the sham group representing 100%.
Double immunofluorescence staining. To examine the cell type (neurons or glial cells) exhibiting HcN1 or HcN2 immunoreactivity following tgcI, double immunofluorescence staining was performed according to our previously published protocol (21, 22) . In brief, rabbit anti-HcN1 (1:50; cat. no. MABN20; EMd Millipore) or rabbit anti-HcN2 (1:50, cat. no. MAB5596; Millipore)/mouse anti-ATP-sensitive inward rectifier potassium channel 8 (Kir6.1; 1:100; cat. no. NBP2-59324; Novus Biologicals, LLc) antibodies were selected to identify pericytes or mouse anti-glial fibrillary acidic protein (GFAP; 1:200; cat. no. AB5804; EMd Millipore) antibodies were used to identify astrocytes. The fixed sections were then incubated in the mixture of antisera and reacted in a mixture containing fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:200; cat. no. 111-095-003; Jackson ImmunoResearch, West Grove, PA, USA) and cy3-conjugated goat anti-mouse IgG (1:200; cat. no. 115-165-003; Jackson ImmunoResearch Laboratories Inc.). Finally, the immunoreactions were observed by using a LSM510 META NLO confocal microscope (Carl Zeiss AG) at x20 magnification.
Statistical analysis. The data are presented as the means ± standard error of the means. differences of the means among the groups were analyzed by analysis of variance followed by Tukey's Honest Significance Difference test, using SPSS 17.0 software (IBM corp.). P<0.05 was considered to indicate a statistically significant difference.
Results

tgCI-induced changes in HCN1 and HCN2 protein levels.
HcN1 and HcN2 protein levels in the hippocampal cA1 subfield became significantly altered with time following tgCI (Fig. 1) . HCN1 (P= 0.0182) and HCN2 (P= 0.0076) protein levels were significantly increased at 6 h after tgcI compared with those in the sham-operated group. Thereafter, the protein levels of HcN1 and HcN2 gradually decreased in a time-dependent manner until 2 days after tgcI. And then, at 4 days after tgcI, the HcN1 (P=0.0324) and HcN2 (P=0.0194) protein levels were significantly increased compared with those at 2 days after tgcI.
tgCI-induced delayed neuronal death. Ischemia-induced dNd in the hippocampus was observed in the CA1 subfield at 4 days after tgcI using cV staining (Fig. 2) . In the sham-operated group, cV staining demonstrated the normal distribution of hippocampal cells in all hippocampal subregions ( Fig. 2A) .
In the ischemia-operated group, the distribution pattern of cV-positive (cV + ) cells was not altered in the hippocampus until 2 days after tgCI ( Fig. 2B-E ). However, a significant loss of cV + cells was observed in the stratum pyramidale of the cA1 subfield, not the other subregions, at 4 days after tgCI (Fig. 2F) .
tgCI-induced change in HCN1 immunoreactivity CA1 subfield. In the sham-operated group, HcN1 immunoreactivity was primarily detected in neurons of the stratum pyramidale in the CA1 subfield, which are called CA1 pyramidal cells or neurons (Fig. 3A) . In the ischemia-operated group, HcN1 immunoreactivity in the cA1 pyramidal neurons was markedly increased (P=0.0022) at 6 h after tgcI ( Fig. 3B and G) . Thereafter, HcN1 immunoreactivity in the cA1 pyramidal neurons was gradually decreased in a time-dependent manner ( Fig. 3c-G) . HcN1 immunoreactivity in the cA1 pyramidal neurons was barely detected in the cA1 pyramidal neurons at 4 days after tgcI; however, at this time interval, HcN1 immunoreactivity began to be exhibited in cells in the striata oriens and radiatum, which are non-pyramidal cells (Fig. 3F ). Their cell type were examined by double immunofluorescence staining and it was identified that HCN1 immunoreactivity was colocalized with Kir6.1-immunoreactive cells (pericytes) and GFAP-immunoreactive cells (astrocytes), which are components of the blood brain barrier (BBB), in the striatum radiatum at 4 days after tgcI ( Fig. 3H-M) .
CA3 subfield. In the sham-operated group, HcN1 immunoreactivity was clearly demonstrated in pyramidal neurons of the hippocampal CA3 subfield (Fig. 4A ). In the ischemia-operated group, the level of HcN1 immunoreactivity was not significantly altered in CA3 pyramidal neurons after tgcI ( Fig. 4B-G) .
tgCI-induced changes in HCN2 immunoreactivity CA1 subfield. In the sham-operated group, HcN2 immunoreactivity was identified in the pyramidal neurons and non-pyramidal cells of the hippocampal cA1 subfield (Fig. 5A ). In the ischemia-operated group, HcN2 immunoreactivity in pyramidal neurons and non-pyramidal cells of the CA1 subfield was significantly (P<0.001) and transiently increased at 6 h after tgcI and then gradually decreased until 2 days after tgcI (Fig. 5B-E and G) . At 4 days after tgcI, HCN2 immunoreactivity was significantly decreased in the cA1 pyramidal neurons, indicating that HcN2 immunoreactivity was exhibited in the nuclei of certain cA1 pyramidal neurons and many non-pyramidal cells (Fig. 5F ). At this time interval, the type of non-pyramidal cells was examined by double immunofluorescence staining and it was identified that HcN2 immunoreactivity was colocalized in the Kir6.1-immunoreactive pericytes and GFAP-immunoreactive astrocytes (Fig. 5H-M) .
CA3 subfield. In the sham-operated group, HcN2 immunoreactivity was clearly observed in the pyramidal neurons of the hippocampal CA3 subfield (Fig. 6A ). In the ischemia-operated group, no significant change in HCN2 immunoreactivity was observed in the cA3 pyramidal neurons after tgcI ( Fig. 6B-G) .
Discussion
In our recently published study, it was demonstrated that unilateral common carotid artery occlusion in gerbils produced infarcts or selective neuronal death in a number of areas of the brain, in which the pattern of neuronal death was significantly different from that in transient global cerebral ischemia induced by bilateral common carotid artery occlusion (30) . Therefore, in the present study, tgcI was induced by bilateral common carotid artery occlusion in gerbils. In addition, all gerbils of the experimental groups survived. This result was in accordance with a previous study that demonstrated that the survival rate of gerbils following 5 min of tgcI was 100% (31) . Furthermore, in the present study, ischemia-induced dNd in the hippocampus was observed in the cA1 subfield at 4 days after tgcI, which was consistent with our previous studies (21, 22) .
HcN channels have been established to be predominantly localized in neurons, not in glial cells, in the mouse cortex and rat hippocampus, and Ih in hippocampal cA1 neurons is primarily mediated by HcN1 and HcN2 (16, 17, 20, 32, 33) . In addition, it has been suggested that HcN1 and HcN2 mRNAs are expressed in interneurons and in principal neurons of the hippocampus in rodents (16, 32) . In particular, Notomi and Shiqemoto (34) revealed that the pyramidal cell layer of all hippocampal subfields in rats exhibited moderate to intense HcN1 and HcN2 immunoreactivity levels. These results are consistent with the results of the present study, which indicated that HcN1 and HcN2 immunoreactivities were observed in pyramidal neurons and interneurons, not in glial cells, of the hippocampal CA1 subfield in the sham-operated-group. It has been demonstrated that the expression levels of HcN genes are significantly increased in mouse brain tissue 2 weeks after focal cerebral ischemia (20) . conversely, another study suggested that HCN1 expression was significantly decreased in the hippocampal cA1 subfield and neocortex of the rat following chronic cerebral hypoperfusion; this study concluded that downregulated HcN1 expression may lead to impairment of learning and memory function (35) . In animal models of epilepsy, Oh et al (36) indicated that HcN1, not HcN2, immunoreactivity was transiently and significantly increased in the rat hippocampus at 30 min and 12 h following pilocarpine-induced status epilepticus and suggested that enhanced HcN1 immunoreactivity may result from elevated hippocampal excitability for compensatory responses, as hippocampal circuit activity may be important for a regulation of HcN expression (36, 37) . In the present study, it was identified that HCN1 and HCN2 immunoreactivity in the cA1 pyramidal neurons were transiently and markedly increased at 6 h after tgcI and decreased in a time-dependent manner thereafter. Therefore, it may be hypothesized that transient elevations of HcN1 and HcN2 immunoreactivities in cA1 pyramidal neurons at 6 h after tgcI may be one of compensatory responses to the tgcI-induced alteration in hippocampal excitability and that time-dependent decreases of HcN1 and HcN2 immunoreactivities thereafter in the cA1 pyramidal neurons may be associated with the process of tgcI-induced dNd.
In the present study, it was identified that HcN1 and HcN2 immunoreactivities in the cA1 pyramidal neurons were barely detected at 4 days after tgcI; however, at this time point, HcN1 and HcN2 immunoreactivities were observed in Kir6.1-immunoreactive pericytes and GFAP-immunoreactive astrocytes. Unfortunately, why HcN1 and HcN2 immunoreactivity began to be expressed in pericytes and astrocytes in the ischemic CA1 subfield 4 days after tgCI cannot be explained clearly. However, it has been demonstrated that pericytes and astrocytes serve important roles in the protection of nervous tissue against oxidative stress following ischemia, by facilitation of BBB repair and attenuation of neuroinflammatory response, respectively (38) (39) (40) (41) . In particular, Honsa et al (20) demonstrated that HcN channels were markedly expressed by reactive astrocytes in the CA1 subfield of the rat hippocampus following global cerebral ischemia induced by transient bilateral common carotid artery occlusion combined with hypoxia and that, in this model, electrophysiological properties of reactive astrocytes were significantly altered following ischemia; they concluded that HcN channels may participate in the regeneration of ischemic tissue and ionic homeostasis maintenance.
There are certain important limitations of the present study. Firstly, data concerning behavioral and cognitive changes following tgcI were not described, although it has been established the tgcI-induced loss of hippocampal cA1 pyramidal neurons leads to impairment of hippocampal-dependent learning and memory and that significant changes in motor behavior are exhibited at 1 day after tgcI in gerbils (29, 42) . Secondly, the present study did not investigate how HcN1 and HcN2 expression affected the death of cA1 pyramidal neurons following tgcI at a molecular level. Therefore, further studies are required to investigate the functional effects of HcN1 and/or HcN2 on tgcI-induced neuronal death.
In brief, HcN1 and HcN2 immunoreactivities were altered in pyramidal neurons of the hippocampal CA1 subfield in a time-dependent manner following tgcI, and HcN1 and HcN2 immunoreactivity began to be observed in pericytes and astrocytes in ischemic CA1 subfield at 4 days after tgCI.
These results indicate that tgcI-induced changes in HcN1 and HcN2 expression levels may be closely associated with tgcI-induced dNd of pyramidal neurons in the hippocampal CA1 subfield. throughout the process of the present study. All authors read and approved the final manuscript.
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